Introduction
Somatic reversion has recently been described in several disorders. 1 Reversion has been particularly prominent in severe immunodeficiency diseases, including Wiskott-Aldrich syndrome (WAS). [2] [3] [4] [5] [6] [7] [8] [9] [10] One common feature of most diseases for which reversion has been observed is a strong selective advantage for corrected cells in vivo. When characterized molecularly, revertant cells have exhibited only one or rarely a few revertant genotypes per patient. 1 WAS is an X-linked primary immunodeficiency disease resulting from defects in a single gene (WAS) . WAS is composed of 12 exons encoding a cytoplasmic protein (WASp) that is involved in signal transduction pathways in hematopoietic cells and that is a key regulator of the actin cytoskeleton. 11 In addition to thrombocytopenia, WAS patients present with both defective T-and B-cell function. 11 We have been following a WAS patient with a nonsense mutation in exon 10 (995CϾT; Arg321Stop). The 995CϾT mutation results in no detectable WASp expression and is generally associated with severe clinical presentation. 12, 13 Two affected brothers and 2 affected nephews of our patient exhibited death within the first decade of life or the requirement for stem cell transplantation, whereas the clinical history of the proband is notable for far milder symptoms. In this report, we describe that this patient harbors WASp-expressing peripheral blood lymphocytes with a remarkable diversity of WAS revertant T-cells.
Methods
Peripheral blood was obtained under informed consent from WiskottAldrich patients seen at the NIH under an NIH-approved protocol and in accordance with the Declaration of Helsinki.
Patient WAS4 was diagnosed at birth because of thrombocytopenia occurring in the context of 2 older brothers with WAS. The first blood draw analyzed in this report was obtained in March 2006 with the patient exhibiting his usual mild symptomatology. Approximately 3 months later, the patient was diagnosed with diffuse large B-cell lymphoma of the small intestine. He was treated with 6 cycles of rituximab plus cyclophosphamide/ doxorubicin/vincristine/prednisone (R-CHOP) and is in complete remission 22 months after presentation. The second blood draw was obtained October 2006 between the third and fourth cycles of chemotherapy.
Peripheral blood mononuclear cells (PBMC) were cultured as described. 14 Immunomagnetic beads (Dynal Biotech, Lake Success, NY) were utilized for isolation of CD3 ϩ , CD8 ϩ , or CD3 ϩ /CD8 Ϫ cells from PBMCs. PBMCs, CD8 ϩ , or CD3 ϩ /CD8 Ϫ cells (first blood draw) or CD3 ϩ cells (second blood draw) were seeded at low density in 96-well plates with allogeneic cells also as described. 14 Clones were stimulated in Y10 media with 1 g/mL phytohemagglutinin A and 10 ng/mL each of IL-2, IL-4, and IL-7 (YP247). Cytoplasmic WASp expression was analyzed as previously described. 2 A 2.8-kb polymerase chain reaction (PCR) product was obtained by amplification of DNA from T-cell clones ( Figure 1C ) and either sequenced or seeded in a nested PCR reaction to yield a 1.3-kb product ( Figure 1C ) for sequencing. Genomic DNA from primary CD3 ϩ or CD3 ϩ /CD8 Ϫ cells was subjected to nested PCR; the resultant 1.3-kb products were cloned and sequenced. In 2006, we prepared individual, primary allospecific T-cell clones from total PBMCs or T-cell subsets and WAS-specific DNA sequences ( Figure 1C ) were amplified by PCR and directly sequenced. T-cell clones, obtained from a single blood draw, contained the germline mutant 995CϾT genotype, revertant 995CϾTϾAgenotype, or 24 other putative revertant genotypes (Table 1 and Figure 1E ,F). Sequencing of this same exon 10 region in 47 allospecific T-cell clones from a healthy control and 45 allospecific T-cell clones from patient WAS1 (carrying a 434insACGAGG mutation 2, 15 ) yielded no differences from wild-type sequence. Further, sequencing of genomic DNA encompassing exons 3 to 5 from 45 allospecific T-cell clones from this patient WAS4 revealed no differences from the wild-type sequence.
Results and discussion
A second blood draw was obtained 7 months later. Ten of the original 25 revertant genotypes were again observed. The relative frequency and distribution of revertant genotypes was quite stable between these 2 time points (Table 1 ). In addition, 9 new revertant genotypes were recovered, raising to 34 the revertant genotypes identified.
All sequence differences between putative revertant clones and the patient WAS4 mutant WAS sequence were clustered in 275 base pairs (bp), approximately centered about the original 995CϾT mutation. This nonrandom positioning suggests that the revertants (Table 1 and Figure S1 ). 
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The class I revertants likely restore full-length WASp expression by replacing the 321Stop codon with various amino acids. Class II revertants likely restore expression of either an internally deleted or frame-shifted WASp through altered splicing of the WAS mRNA and skipping of the 321Stop codon. Many of the class IV deletions represent in-frame deletion of 2 to 30 amino acids encompassing the 321Stop codon, whereas other deletions possibly affect the mRNA splicing pattern.
We also PCR-amplified, cloned, and sequenced WAS sequences directly from the patient's freshly purified CD3 ϩ cells (first blood draw) and detected 16 of the allospecific T-cell clone revertant genotypes (Table 1) . Thus the extensive diversity of WAS genotypes observed in allospecific T-cell clones reflects a WAS genotype diversity already present in CD3 ϩ T-lymphocytes in vivo. Of the recombinant DNA clones sequenced, 13.4% (20 of 149) had the predominant 995CϾTϾA reversion while 50.3% (75 of 149) had the germline 995CϾT-similar to the observed frequencies of these genotypes in allospecific T-cell clones (Table 1 ; first blood draw).
We can only speculate regarding possible mechanism(s) responsible for the diversity of genotypic revertants in this patient. It is formally possible that the high frequency of genetic changes observed reflects the average DNA mutation rate for lymphocytes. There is no known involvement of the normal WASp in chromosomal DNA replication, proofreading or DNA repair. However, we cannot rule out the possibility that this patient has an intrinsic defect in fidelity of DNA repair with an increased DNA mutation rate.
We have been unable to find other reports of such a diverse range of revertant genotypes-neither in WAS nor in other diseases. Reversions in WAS are typically first identified through the identification of WASp-expressing cells in the peripheral blood, followed by direct sequencing of PCR-amplified genomic WAS DNA sequences. Identification of individual revertant genotypes likely requires at least a 5% frequency to be detected; thus, minor revertant genotypes would be missed. In contrast, analysis of the genotypes of expanded individual blood lymphocytes easily revealed the remarkable diversity of genetic revertants present. It is also likely that the nature and location of the primary WAS mutation might also have a major effect on the frequency of revertants capable of providing some restored function and therefore allow revertant cells to accumulate over time.
These data suggest that development of individual genotypic revertants in WAS patients may occur relatively frequently, challenging the current notion that spontaneous reversions are rare events and that their occurrence is restricted to long-lived progenitors.
